1. Neurofibromatosis Type 1 Syndrome and Associated Peripheral Nerve Sheath Tumors {#sec1-genes-11-00477}
==================================================================================

Neurofibromatosis type 1 (NF1) syndrome is a common, autosomal dominant genetic disease that causes a predisposition to several kinds of tumors, especially a spectrum of benign and malignant forms of peripheral nerve sheath tumors (PNSTs). Patients with NF1 have inherited one mutant copy of the *NF1* gene, encoding the Ras GTPase activating protein neurofibromin, and tumors develop after somatic cell loss of the remaining wild type *NF1* allele. Benign Schwann cell PNSTs in patients with NF1 called plexiform neurofibromas (PNs) are common and problematic, occurring in roughly 60% of patients \[[@B1-genes-11-00477]\]. PNs have limited treatment options and can cause significant pain and morbidity. These PNs are composed of a complex mixture of cell types, but the neoplastic component is derived from a Schwann cell lineage cell, which has undergone loss of heterozygosity (LOH) of the *NF1* locus, with retention of the mutant allele \[[@B2-genes-11-00477]\]. Thus, these PN cells have no functional copies of *NF1* and do not produce any functional neurofibromin protein. Other reactive cell types within the PN, several of which are thought to help initiate and drive PN growth, include perineural and CD34+ fibroblasts, endothelial cells, neurons, and various cells of hematopoietic origin including mast cells, macrophages, and T cells \[[@B2-genes-11-00477],[@B3-genes-11-00477],[@B4-genes-11-00477]\]. PNs can affect any peripheral nerve, are thought to be congenital, and often grow aggressively during childhood \[[@B3-genes-11-00477]\]. A feared complication of the PNs is malignant transformation.

A newly recognized type of tumor along the spectrum of neurofibroma to malignant peripheral nerve sheath tumors (MPNST) is called atypical neurofibromatosis neoplasms of uncertain biological potential (ANNUBP) \[[@B5-genes-11-00477]\]. ANNUBP have at least two of three features not common in PNs, including loss of neurofibroma architecture, high cellularity, and high mitotic activity \[[@B5-genes-11-00477],[@B6-genes-11-00477]\]. ANNUBPs are very important because they may well be premalignant tumors and an important transition step to MPNST. They often show loss of nuclear p16INK4A protein expression with variable loss of S100 and SOX10 expression, which are also common findings in MPNSTs \[[@B5-genes-11-00477]\]. ANNUBP have frequent *CDKN2A/CDKN2B* gene copy number loss \[[@B6-genes-11-00477],[@B7-genes-11-00477]\].

MPNSTs are aggressive soft tissue sarcomas thought to be derived from PN Schwann cells. MPNSTs can occur in any nerve and do not respond to current therapies. In fact, MPNSTs are the most common cause of death of patients with NF1 \[[@B1-genes-11-00477]\]. It is estimated that roughly half of all MPNST patients have NF1, the other half of MPNSTs occur sporadically in patients without any obvious cancer predisposition syndrome \[[@B8-genes-11-00477]\]. As might be expected, sporadic MPNST occurs more commonly in older patients compared to patients with NF1 syndrome, many of whom develop MPNSTs in adolescence or young adulthood. While disputed, some data suggests that MPNSTs developing in the context of NF1 syndrome have worse clinical outcomes \[[@B9-genes-11-00477]\].

2. Molecular Genetics of the *NF1* Gene Product and MPNST {#sec2-genes-11-00477}
=========================================================

As mentioned above, *NF1* encodes a large GTPase activating protein (GAP) called neurofibromin. GAPs increase the intrinsic GTPase activity of small GTPases, such as the Ras superfamily of proteins. Neurofibromin has GAP activity for several Ras proteins including HRAS, KRAS, NRAS, RRAS, and perhaps others \[[@B10-genes-11-00477]\]. Patients with NF1 are heterozygous for *NF1* gene mutations, but the benign and malignant tumors that develop in these patients are caused, in part, by somatic cell loss of the remaining wildtype *NF1* allele \[[@B11-genes-11-00477]\]. Preclinical models suggest, many NF1-associated tumors have increased and prolonged RAS activation and MEK/ERK signaling after stimulation \[[@B1-genes-11-00477],[@B12-genes-11-00477]\]. However, monotherapy often leads to emergence of drug resistance, and work from our lab indicates MEK inhibition can synergize with other therapeutics, such as mTOR inhibitors \[[@B13-genes-11-00477]\]. It is unclear if MEK inhibition will be useful in MPNST treatment, but preclinical data suggests that it may \[[@B12-genes-11-00477]\]. It is likely, however, that other recurrent genetic changes in MPNSTs make them relatively resistant to treatment with a MEK inhibitor alone \[[@B14-genes-11-00477],[@B15-genes-11-00477],[@B16-genes-11-00477],[@B17-genes-11-00477]\]. Moreover, these other genetic abnormalities may be associated with additional drug sensitivities, which might be usefully exploited along with MEK inhibition.

MPNSTs also have frequent loss of either *CDKN2A* or *TP53* \[[@B18-genes-11-00477],[@B19-genes-11-00477],[@B20-genes-11-00477]\]. In addition, loss of function mutations in the Polycomb repressive complex 2 (PRC2) component genes, such as *SUZ12* or *EED*, are now known to be *very* common in MPNSTs, occurring in \~70% of NF1-associated cases and more than 90% of sporadic cases \[[@B21-genes-11-00477],[@B22-genes-11-00477]\]. PRC2 represses many loci by causing histone H3 lysine 27 trimethylation (H3K27me3) in promoter regions \[[@B23-genes-11-00477]\]. Loss of H3K27me3, known to be caused by mutations in *SUZ12* or *EED*, is an indicator of a bad prognosis in MPNST \[[@B24-genes-11-00477]\]. These common mutations in chromatin remodeling machinery provide unique avenues of therapeutic targeting. In fact, it has been reported that *SUZ12* mutant MPNSTs are sensitive to bromodomain inhibitors, such as JQ1 \[[@B25-genes-11-00477]\]. To determine if such therapeutic ideas might have merit in the clinic, it is critical to ensure that the very best model systems for MPNSTs are utilized.

3. MPNST Model Systems {#sec3-genes-11-00477}
======================

Human MPNST tumor models for testing new therapeutic ideas include genetically engineered mouse models (GEMMs), genetically engineered zebrafish \[[@B26-genes-11-00477],[@B27-genes-11-00477],[@B28-genes-11-00477],[@B29-genes-11-00477]\], and established human MPNST cell lines \[[@B30-genes-11-00477]\]. There are two main problems with these approaches. The most often used GEMM does not recapitulate all of the genetic features of human MPNSTs, especially NF1 syndrome-associated MPNSTs, which likely develop from a pre-existing PN or ANNUBP. Secondly, there are relatively few established human MPNST cell lines in common usage in the field. We believe that MPNST therapy would benefit from development of better model systems. These should include: (1) better GEMMs, (2) genetically engineered human cells of the correct lineage(s) for an MPNST, and (3) use of primary human MPNSTs grown in vitro and in vivo as patient derived xenografts. Below, each of these three types of models are described in more detail including work already done and published, current efforts, and future innovations.

3.1. Genetically Engineered Mouse Models (GEMM) {#sec3dot1-genes-11-00477}
-----------------------------------------------

Several GEMMs of MPNSTs have been published. While the most relevant incorporate loss of the *Nf1* gene, others have shown that Ras oncogene activation itself can cooperate with *Pten* loss to induce MPNST-like tumors \[[@B31-genes-11-00477]\]. Others have shown that overexpression of certain growth factor ligands or receptors in Schwann lineage cells can also induce these tumors \[[@B32-genes-11-00477]\]. These models have been useful for many things, including testing new therapies. However, major current limitations of these models include: few demonstrate metastasis (as is common in human MPNSTs), most do not incorporate loss of PRC2 function, and it is currently unclear if any really represent human MPNSTs at the transcriptomic level or reflect human MPNST molecular subtypes if they exist.

Several investigators have shown that Schwann cell lineage overexpression of growth factor receptors or ligands can promote peripheral nerve sheath tumor development. The ligand neuregulin-1, which binds to the ERBB3 and ERBB4 receptors, when expressed from the P~0~ promoter leads to peripheral nerve sheath tumor formation \[[@B33-genes-11-00477],[@B34-genes-11-00477]\], which is accelerated to a higher grade by concomitant loss of *Trp53* \[[@B35-genes-11-00477]\]. Expression of human epidermal growth factor receptor (hEGFR) from a Desert hedgehog (*Dhh*) promoter can induce neurofibromas by itself \[[@B36-genes-11-00477]\], and cooperate with expression of a dominantly acting *Trp53^R270H^* mutant \[[@B37-genes-11-00477]\], or loss of one or two copies of *Pten* \[[@B32-genes-11-00477]\]. Human *PTEN* is often deleted in human MPNSTs and is expressed at reduced levels compared to normal human Schwann cells or Schwann cells from benign neurofibromas \[[@B38-genes-11-00477]\]. Indeed, codeletion of *Nf1* and *Pten* in *Dhh-Cre* positive cells caused rapid high grade peripheral nerve sheath tumors \[[@B38-genes-11-00477]\]. Another paper also showed that loss of *Pten* potently accelerated high grade MPNST-like tumors in the presence of Schwann cell lineage expression of *Kras^G12D^* \[[@B31-genes-11-00477]\]. Taken together these data strongly suggest that *PTEN*-regulated pathways are major suppressors of progression to MPNST. Which PTEN-regulated processes are most important is not clear, but evidence suggests AKT-driven beta-catenin activation \[[@B39-genes-11-00477]\], and/or mTOR activation might be critical effectors \[[@B40-genes-11-00477]\]. *CDKN2A* is a well-established human MPNST tumor suppressor, frequently lost in pre-malignant, atypical neurofibromas \[[@B5-genes-11-00477],[@B41-genes-11-00477]\]. When combined with deletion of *Nf1* in the Schwann cell lineage, signatures of senescence are suppressed in resultant neurofibromas, which appear as faster developing, higher grade tumors than produced by deletion of *Nf1* alone \[[@B7-genes-11-00477]\]. Thus, this work provides a good model of ANNUBP and it suggests that senescence limits neurofibroma progression. Therefore, therapies that target senescent cells, so called senolytics \[[@B42-genes-11-00477]\], could be useful to prevent peripheral nerve sheath tumor progression.

Two papers report *Sleeping Beauty* (SB) transposon-based insertion mutation screens in *Dhh-Cre* or *Cnp-Cre* positive cells in mice in vivo \[[@B43-genes-11-00477],[@B44-genes-11-00477]\]. These studies were done on an *Nf1^flox/flox^* \[[@B44-genes-11-00477]\] or *loxP-STOP-loxP-Trp53^R270H^* (*LSL-Trp53^R270H^*) plus *Cnp-hEGFR* mutant backgrounds \[[@B43-genes-11-00477]\]. The result of SB mutagenesis in *Dhh-Cre* positive cells on the *Nf1^flox/flox^* background was to increase tumor multiplicity but not tumor grade, which were all benign neurofibromas. However, SB mutagenesis in *Cnp-Cre* positive cells on a *LSL-Trp53^R270H^* plus *Cnp-hEGFR* background resulted in accelerated high-grade MPNSTs like tumor development in most mice. While this model is primarily useful for the genes and pathways it revealed as potential drivers of MPNST, tumors made in this way could be used to select for additional tumor phenotypes because the tumors can be allografted and SB transposon mutagenesis is an ongoing process. It may be possible to select for metastatic potential and treatment resistance using this SB model. In any case, the SB screen revealed PTEN regulated signaling (e.g., PI3 kinase), Wnt-beta catenin signaling, RAS-MAPK signaling, Hippo/Yap signaling, Myc activation through FOXR2, SHH signaling, and other pathways as potential drivers of MPNST \[[@B43-genes-11-00477]\]. Moreover, while inactivating SB transposon insertion mutations in *Eed* and *Suz12* were not recovered in the screen, inactivating *Jarid2* and *Nsd1* insertion mutations were recovered \[[@B43-genes-11-00477]\]. JARID2 is a critical component of the PCR2 complex required for localization of the PRC2 complex on chromatin, and has been reviewed before \[[@B45-genes-11-00477]\]. NSD1 is required to prevent histone H3 lysine 27 trimethylation (H3K27me3) from spreading to new regions of chromatin genome-wide, the effect of which is to decrease H3K27me3 in its usual domains \[[@B46-genes-11-00477]\]. Thus, the SB screen did reveal a role of H3K27me3 function in MPNST suppression.

Perhaps the most well-studied GEMM for MPNST is the so-called *NPCis* mouse, in which loss of function mutations in *Nf1* and *Trp53* are placed in a Cis configuration as both genes reside closely linked on chromosome 11 \[[@B47-genes-11-00477],[@B48-genes-11-00477]\]. As in the mouse, these two TSGs are closely linked in the human genome. In *NPCis* mice, therefore, a single loss of heterozygosity event can result in complete elimination of both TSGs. Two different groups reported that *NPCis* mice develop a variety of sarcomas, including MPNST-like tumors, as well as gliomas \[[@B48-genes-11-00477]\]. Strain-specific effects influence the frequency of MPNST-like tumors, with more developing on a 129/SvJ background than on a C57BL/6J background \[[@B49-genes-11-00477]\]. The *NPCis* mouse model has been used to test a variety of new therapies \[[@B40-genes-11-00477],[@B50-genes-11-00477],[@B51-genes-11-00477],[@B52-genes-11-00477],[@B53-genes-11-00477]\]. The major limitation of the *NPCis* model may have to do with the fact that these tumors do not develop through a process that involves progression from benign neurofibroma (with loss of *Nf1* only), to pre-malignant atypical neurofibroma (with loss of *Nf1* and *Cdkn2a*), to MPNST with loss of *Suz12* or *Eed*. However, heterozygous germline loss of function mutations in *Nf1* and *Suz12* have been combined in Cis on chromosome 11 and this resulted in the acceleration of neurofibroma and MPNST-like tumors \[[@B25-genes-11-00477]\]. Furthermore, heterozygous germline mutations in *Nf1, Trp53* and *Suz12* have been combined and the result was acceleration of MPNST-like tumor formation, along with other tumor types including glioma, lymphoma and histiocytic sarcoma \[[@B25-genes-11-00477]\]. The utility of the MPNST models utilizing the *Suz12* germline mutation is limited by the fact that other types of cancer develop in the mice, the highly stochastic nature of tumor development, and lack of a suitable method for labeling the MPNST cells as they develop so that in vivo imaging might be accomplished. Some of these concerns could be addressed using conditional alleles for *Cdkn2a* or *Trp53* and for *Suz12*. Another approach would be to use somatic cell editing in situ. Indeed, adenoviral delivery of Cre to the sciatic nerves of *Nf1^flox/flox^; Cdkn2a^flox/flox^* mice resulted in development of MPNST-like tumors at the injection site \[[@B54-genes-11-00477]\]. This model was used to demonstrate a positive, driver role for the *Nf1+/−* heterozygous field in promoting MPNST-like tumor development \[[@B55-genes-11-00477]\]. More recently, it has been shown that adenovirus-mediated somatic cell delivery of single guide RNAs (sgRNA) and Cas9 to the sciatic nerve can produce MPNST-like tumors \[[@B56-genes-11-00477]\]. The flexibility of this approach is promising since building murine MPNST-like tumors that are truly genetically similar to their human counterparts may require layering many mutations in the correct temporal order. Achieving this remains a major challenge in the field.

3.2. Human MPNST Cell Lines and Patient Derived Xenografts {#sec3dot2-genes-11-00477}
----------------------------------------------------------

The MPNST research field has been hampered by a relative dearth of established cell lines \[[@B57-genes-11-00477],[@B58-genes-11-00477]\]. Moreover, cell lines that do exist have not been well characterized. Commonly, only a few are used to test new hypotheses. Critically, none are included in large scale whole exome/whole genome sequencing, gene expression profiling, drug, RNAi, or CRISPR/Cas9 screening projects. The field will benefit tremendously from better characterization of existing lines and establishment of more human MPNST cell lines. Similarly, only a few human MPNST patient derived xenografts (PDXs) have been described in the literature \[[@B59-genes-11-00477],[@B60-genes-11-00477]\]. Apparently, MPNST PDXs can be fairly readily established in immunodeficient mice and this also has been our experience using NOD-*Rag1^null.^ Il2rg^null^* (NRG) mice. New efforts to make additional human MPNST cell lines and PDXs are underway and some of these new these resources are available to the research field already (<https://www.hopkinsmedicine.org/kimmel_cancer_center/centers/pediatric_oncology/research_and_clinical_trials/pratilas/nf1_biospecimen_repository.html>).

3.3. Human Cell-Based Models for MPNST {#sec3dot3-genes-11-00477}
--------------------------------------

In theory, engineering relevant mutations into primary human cells of the correct lineage would provide models useful for synthetic lethal genetic screens and drug screens. Models of neurofibroma and MPNST made in this way would also guard against the possibility that mouse cells fail to accurately recapitulate aspects of human cell biology relevant to MPNST development. Making a permanent, non-perishable cell line resource of this kind is difficult using purified, primary human Schwann cells as they have limited proliferative potential in vitro and are difficult to culture without contaminating fibroblasts \[[@B61-genes-11-00477]\]. For this reason, Dr. Margaret (Peggy) Wallace, Ph.D., at the University of Florida, Gainesville, has pioneered the generation of immortalized human Schwann cells from normal nerves of non-patients with NF1 and patients with NF1, as well as neurofibromas \[[@B62-genes-11-00477]\]. These cells were immortalized using lentiviral transduction of human *TERT* and murine *Cdk4* transgenes. These immortalized cells have been useful for testing the effects of candidate MPNST oncogenes and tumor suppressor genes on human Schwan transformation \[[@B43-genes-11-00477],[@B63-genes-11-00477]\]. The *NF1−/−* plexiform neurofibroma derived Schwann cells provide a useful cell culture model of these benign tumors \[[@B62-genes-11-00477]\], and provide a logical platform for studying progression to MPNST.

A permanent, non-perishable, and human cell-based model for MPNST modeling would be best accomplished using induced pluripotent stem cells (iPSC). Indeed, *NF1−/−* iPSC have been made from plexiform neurofibroma cells from patients with NF1 \[[@B64-genes-11-00477]\]. When these *NF1−/−* iPSCs were differentiated to neural crest cells and subsequently Schwann cells, it was found that they had an enhanced proliferation rate, poor myelination ability, and a tendency to form 3D spheres like those from primary neurofibromas compared to Schwann cells made from wild type iPSC. Thus, these Schwann cells made from a *NF1−/−* iPSC represent a valuable model to study and treat plexiform neurofibromas. It remains to be seen whether these iPSC, or differentiated progeny derived from them, can be used to model ANNUBP and MPNST by knocking out *CDKN2A* and *SUZ12*. It is also unclear how the differentiation state of the target cell and order of mutation would affect the outcome of studies like these. In any case, CRISPR/Cas9 based models produced this way are an ideal method to produce isogenic sets of relevant human cells for drug and synthetic genetic lethality screens.

3.4. Synthetic Lethality as A Tool for NF1 Drug Discovery {#sec3dot4-genes-11-00477}
---------------------------------------------------------

Synthetic lethality is the genetic incompatibility of the loss of two or more gene products, leading to cell death. However, the deficiency of any of these gene products on their own results in viable cells ([Figure 1](#genes-11-00477-f001){ref-type="fig"}). The notion of synthetic lethality was first described in work on Drosophila genetics in the 1920′s by Calvin B. Bridges and others who noticed parental lines of flies harboring mutations were able to successfully reproduce, yet when these independent mutant lines were crossed it was not possible to obtain viable offspring with a combination phenotype \[[@B65-genes-11-00477]\]. Using the power of synthetic lethality to identify novel vulnerabilities in a given cancer based on defined genetic backgrounds was first suggested over 20 years ago \[[@B66-genes-11-00477]\]. The first type of investigation to move to clinical relevance was that of the use of inhibitors of poly(ADP-ribose) polymerase (PARP) to selectively kill BRCA-2 deficient tumors \[[@B67-genes-11-00477]\]. Now PARP inhibitors such are olaparib are approved for BRACA mutated ovarian cancers \[[@B68-genes-11-00477]\].

Treatment options for plexiform neurofibromas and malignant peripheral nerve sheath tumors (MPNST) are limited, relying mostly on surgical resection and broad-spectrum chemotherapy. The genetic basis of NF1 syndrome is well suited for using synthetic lethal genetic screens and related approaches to uncover unique variabilities in *NF1* deficient cells, as well as cells closely mimicking the genetics of an MPNST. Loss of the *NF1* gene could uncover sensitivity to loss or impairment of another gene or pathway. All neurofibromas, and derived MPNSTs, harbor *NF1*-deficient Schwann cells, which may have re-wired signaling to reveal unique vulnerabilities. However, the synthetic lethal interactions after loss of *NF1* are likely to be highly context dependent. Ideally, they should be operative in human Schwann cells. The discovery of such interactions would most easily be found using pairs of isogenic, human *NF1*-deficient and *NF1*-proficient Schwann cells. Genome engineering technologies, such as CRISPR/Cas9, allow introduction of clinically relevant mutations into cells of the correct tissue type for the disease being studied. Cells engineered in this manner would be poised to be used for novel drug discovery for not only NF1-associated malignancies, but many other cancers harboring loss of tumor suppressors or with known oncogenic drivers \[[@B69-genes-11-00477]\].

Efforts have been made to undertake this type of study for the *NF1* deficient cells. A small-scale screening project was conducted using mouse embryonic fibroblasts harboring biallelic loss of *NF1* \[[@B70-genes-11-00477]\]. This screening effort yielded only modest amounts of selective lethality toward *NF1* null cells and it is unclear how these could translate to the clinic. It would be most useful to undertake these types of screening efforts in cells of the correct cell-type for neurofibromas and MPNST (i.e., human Schwann cells). There are two cell-based platforms that would be amenable to the required genetic manipulation and required screening efforts: 1. Immortalized human Schwann cells. 2. iPSC derived Schwann cells. A number of immortalized human Schwann cell lines have been created that could be used for these types of assays \[[@B71-genes-11-00477]\]. These do have the limitation of being immortalized with retroviral vectors carrying *hTERT* for example and thus not mirroring the exact genetics of an MPNST cell. Induced pluripotent stem cell-based models are also a powerful tool for these types of studies. For example, protocols have been established to differentiate iPSC cells to the neural crest linage and then further to Schwann cells \[[@B64-genes-11-00477]\]. iPSC lines harboring *NF1* loss would have the advantage of being a "cleaner" genetic background, but perhaps not as easy to work with on large scale, genome-wide genetic screens. However, both systems could be used for: 1. Medium to large scale small molecule screens looking for drugs that could selectively kill *NF1* null cells. 2. Genome-wide genetic screens looking for other gene products whose loss would result in cell death when combined with *NF1* deficiency ([Figure 2](#genes-11-00477-f002){ref-type="fig"}). The genetic screens are extremely powerful, as they offer a truly non-biased approach for novel target discovery. Whereas the small molecule screens could yield a potential therapeutic compound faster (particularity if the drug is already approved for another indication).

3.5. Preclinical Development of New Therapies for NF1-Associated MPNST {#sec3dot5-genes-11-00477}
----------------------------------------------------------------------

A clear, standout success has been the identification of MEK inhibitors as effective treatment for symptomatic, inoperable plexiform neurofibromas \[[@B72-genes-11-00477]\]. Work examining the preclinical effectiveness of a selective pharmacological inhibitor of MEK, PD0325901, was reported in 2013 \[[@B12-genes-11-00477]\]. This work demonstrated that MAPK signaling suppression was effective in controlling neurofibroma growth in a neurofibromatosis mouse model (*Nf1^fl/fl^;Dhh-Cre*) and an NF1 patient MPNST cell xenograft. PD0325901 treatment increased survival of mice implanted with human MPNST cells, and shrank neurofibromas in more than 80% of the mice enrolled on treatment \[[@B73-genes-11-00477]\]. This important work clearly demonstrated that Ras/ERK signaling is critical for growth of NF1-associated PNSTs and provided reasoning to initiate clinical trials of MEK inhibitors for the treatment of these tumors in patients with NF1.

Following these promising results with PD0325901 in various in vivo models, investigation of other MEK inhibitors (including trametinib and selumetinib) were performed and advanced to human clinical trials. The most striking of these to date were the responses seen with selumetinib in pediatric patients with NF1 and inoperable plexiform neurofibromas \[[@B72-genes-11-00477]\]. Again, for this study the preclinical modeling of the MEK inhibitor was tested in the *Nf1^fl/fl^; Dhh-Cre* mouse model. As assessed by volumetric MRI, 67% of mice showed a reduction in tumor volume from baseline. When assessed in the human patient population, the results were marked, with confirmed partial responses in \>70% of patients (≥20% decrease in volume from baseline). Moreover, disease progression was not reported in any patient and decreased tumor-related pain and functional impairment was widely reported. Recent Phase II trials also reported reduced tumor growth and in some cases a reduction in PN-associated pain and quality of life \[[@B74-genes-11-00477]\]. This is a major breakthrough in PN therapy and selumetinib was granted approval by the FDA for treatment of NF1-associated PN in April of 2020.

The success of selumetinib and other MEK inhibitors for NF1-associated PNs and other benign tumors represents a major milestone in therapy for this disease. However, several important questions remain. Selumetinib treatment effects are not complete, as tumors usually shrink by 20% or more, but do not disappear completely and typically regrow after treatment cessation \[[@B74-genes-11-00477]\]. It would be ideal if robust responses were observed in more patients. Moreover, MEK inhibitors have serious side effects when used long term, including skin rashes, ocular and cardiac toxicities \[[@B75-genes-11-00477]\]. Finally, it is unclear if MEK inhibition will be useful in the context of the premalignant atypical NF/ANNUBP in which *CDKN2A/2B* gene deletions are present or MPNSTs.

Given the success of MEK inhibition for the control of plexiform neurofibromas and that many MPNST arise from within existing plexiform neurofibromas or ANNUBPs, it would seem likely that patients with MPNST could already be undergoing treatment with a MEK inhibitor. As such, it would be critical to establish any future targeted therapy for MPNST is at the least not antagonistic when used in combination with MEK inhibitors, such as selumetinib. Indeed, it would be desirable to identify novel candidate therapeutics exhibiting synergistic effects against MPNST models when used alongside MEK inhibitors.

3.6. Targeting Ras or Ras-Activated Signaling Pathways {#sec3dot6-genes-11-00477}
------------------------------------------------------

Ras proteins are small, membrane associated GTPases that exist in an inactive guanosine diphosphate (GDP) bound form and an active guanosine triphosphate (GTP) bound form. Biallelic loss of the *NF1* gene, and the encoded protein neurofibromin, has been shown to lead to increased and prolonged Ras activation (i.e., Ras-GTP), including in benign and malignant peripheral nerve sheath tumors \[[@B10-genes-11-00477]\]. Ras-GTP itself has been considered undruggable as it lacks deep grooves that would fit a small molecule \[[@B76-genes-11-00477]\]. Ras proteins are post-translationally modified, including by farnesylation, and the enzymes that carry out these effects have been tested for therapeutic effects with some success in treating NF1-associated peripheral nerve sheath tumor cells \[[@B77-genes-11-00477],[@B78-genes-11-00477],[@B79-genes-11-00477]\]. However, translation into human clinical trials was disappointing \[[@B80-genes-11-00477],[@B81-genes-11-00477]\]. Ras-GTP activated pathways have provided an alternate pathway to reverse the effects of *NF1* gene loss. A clear example, is Ras activation of the MAPK pathway, which proceeds from RAS activation to activation of a series of kinases: RAF to MEK to ERK(MAPK) kinase activation. MAPK ultimately phosphorylates many other substrates that can confer a survival or proliferation advantage to RAS activated cells \[[@B13-genes-11-00477]\]. As described above, a number of MEK inhibitors, notably selumetinib, have shown some clinical activity versus PN and other benign NF1-associated tumors \[[@B74-genes-11-00477],[@B82-genes-11-00477]\].

3.7. Combination Signal Pathway Inhibition {#sec3dot7-genes-11-00477}
------------------------------------------

Given the incomplete effects of MEK inhibition alone on PN and MPNST, combinations with MEK inhibitors have been explored. MEK inhibitors have been shown to cooperate in vitro and in vivo with inhibition of the MNK kinases, which are active in many MPNSTs and converge on mTOR-dependent eIF4E phosphorylation \[[@B53-genes-11-00477]\]. Indeed, several papers show that *NF1*-deficient cells are relatively dependent on mTOR signaling and that mTORC1 inhibition synergizes with MEK inhibition \[[@B50-genes-11-00477]\]. mTORC1 inhibition as a single agent was weakly effective for PN treatment in patients \[[@B83-genes-11-00477]\]. Better results may be obtained with a direct mTOR kinase inhibitor that inhibits both mTORC1 and mTORC2 \[[@B84-genes-11-00477]\]. MEK inhibition and mTORC1, or mTORC1 and mTORC2 inhibition are synergistic in vitro and in vivo \[[@B13-genes-11-00477],[@B84-genes-11-00477]\], and such a combination may be useful for PNs and MPNST treatment. The mTORC1 inhibitor sirolimus plus selumetinib is currently in a Phase II MPNST trial \[NCT03433183; <https://www.ctf.org/research/clinical-drug-pipeline>\]. mTOR inhibition was also combined with other signaling inhibitors including the HSP90 inhibitor ganetespib \[NCT02008877\], which did not produce responses in MPNST patients \[[@B85-genes-11-00477]\], despite promising preclinical data in the *NPCis* GEM model \[[@B86-genes-11-00477]\]. The mTORC1 inhibitor everolimus plus the VEGF inhibitor bevacizumab also failed to show potential in a Phase II MPNST study \[[@B87-genes-11-00477]\]. The multi-kinase inhibitor PLX3397 in combination with rapamycin inhibited MPNST xenografts in vivo \[[@B88-genes-11-00477]\], and this has led to a Phase II clinical trial \[NCT02584647\]. A more recent study revealed that blockade of mTOR with sapanisertib, which inhibits mTORC1 and mTORC2, with histone deacetylase (HDAC) inhibition is selectively toxic to Ras pathway-driven tumors, including human MPNST xenografts and the *NPCis* GEM model, by converging on the TXNIP/thioredoxin pathway \[[@B52-genes-11-00477]\]. The polo-like kinases (PLKs) have also emerged as targets for MPSNT therapy \[[@B89-genes-11-00477]\].

3.8. Targeting Cyclin-Dependent Kinases for MPNST {#sec3dot8-genes-11-00477}
-------------------------------------------------

Premalignant atypical PN/ANNUBP have often acquired loss of *CDKN2A* and the *CDKN2B* genes, also a feature of many MPNSTs. These genes encode cyclin dependent kinase inhibitors and their loss is thought to lead to unregulated cyclin/cyclin dependent kinase (CDK) activity, in particular CDK4 or CDK6. Thus, these tumors may become sensitive to CDK4/6 inhibitors like ribociclib or palbociclib, which are approved for breast cancer treatment. Interestingly, high level expression of RABL6A in some MPNSTs promotes growth, in part by inhibition of RB1 protein, and its effects can be blocked by CDK4/6 inhibition \[[@B90-genes-11-00477]\]. CDK4/6 inhibition using ribociclib plus doxorubicin is in Phase II trial for MPNST now \[NCT03009201\].

3.9. Sensitivities Associated with Loss of PRC2 Function in MPNST Cells {#sec3dot9-genes-11-00477}
-----------------------------------------------------------------------

As described above, progression to MPNST usually involves biallelic loss of the *EED* or *SUZ12* genes, essential components of the polycomb repressor complex 2 (PRC2). Most MPNSTs lack, or have reduced, histone H3 lysine 27 di- and tri-methylation, a chromatin repression mark mediated by EZH2, the enzymatic component of the PRC2 complex \[[@B22-genes-11-00477],[@B24-genes-11-00477]\]. Loss of PRC2 activity has been proposed to sensitize MPNST cells to BRD4 inhibition, as BRD4 seems to be involved in activation of Ras pathway-dependent transcription dependent on histone H3 lysine 27 acetylation, which is enhanced following loss of methylation at this same site \[[@B25-genes-11-00477]\]. Another recent publication strongly suggests that loss of PRC2 in MPNST cells sensitizes them to histone deacetylase (HDAC) and DNA methyltransferase inhibition \[[@B91-genes-11-00477]\]. If these results are validated in isogenic model systems and proper in vivo preclinical MPNST models, these drugs should be tested in vivo, possibly with the signaling inhibitors described above that leverage sensitivities from loss of *NF1* expression.

3.10. Other Therapeutic Approaches {#sec3dot10-genes-11-00477}
----------------------------------

Several other therapeutic approaches have made it to clinical trials for MPNST in recent years. Excitement for immunotherapies, especially checkpoint blockade and chimeric antigen receptor (CAR) T cell or CAR-T therapy has been building for treatment of MPNST. Indeed, blockade of PD1 \[NCT02691026\] or PD-1 and CTLA-4 \[NCT02834013\] are in clinical trials for MPNST. CAR-T cells specific for human EGFR are also being tested clinically in EGFR+ MPSNT \[NCT03618381\]. The perinuclear compartment disrupter metarrestin \[[@B92-genes-11-00477]\] is in Phase I trials for MPNST \[NCT04222413\], although not published specifically in MPNST. Inhibition of NFκB signaling and MPNST preclinical effectiveness was demonstrated using selinexor, a compound that induces IkB nuclear localization \[[@B93-genes-11-00477]\], and this agent is in Phase I testing for MPNST \[NCT03880123\]. Oncolytic viral therapy is a relatively new approach for MPNST therapy, but several reports describe promising preclinical data \[[@B94-genes-11-00477],[@B95-genes-11-00477],[@B96-genes-11-00477],[@B97-genes-11-00477],[@B98-genes-11-00477],[@B99-genes-11-00477],[@B100-genes-11-00477]\].

3.11. Comprehensive Pharmacological Profiling of Neurofibromatosis Type 1 Cancer Cell Lines {#sec3dot11-genes-11-00477}
-------------------------------------------------------------------------------------------

One attractive method for discovering new therapeutic options for NF1-associated tumors is to perform drug screens using one or more of the model systems described above. Drug screens in animal models are likely to be most predictive of future efficacy in vivo. Indeed, some measure of predictability for drugs to treat PNs in people was obtained using the *P0-Cre; Nf1^fl^/Nf1^fl^* or *Dhh-Cre.; Nf1^fl^/Nf1^fl^* models \[[@B12-genes-11-00477],[@B87-genes-11-00477],[@B101-genes-11-00477]\]. Unfortunately, these in vivo models are not well suited to testing many drugs and drug combinations. Therefore, screens using cell lines or cell strains have been used instead. In one medium throughput drug screen of about 470 compounds, immortalized *Nf1*-deficient mouse embryo fibroblasts (MEFs) were screened, using wildtype MEFs as a counter screen \[[@B70-genes-11-00477]\]. This project revealed several drugs with some selectivity for Nf1-deficienct cells. Moreover, validation of screening results using a human NF1-associated MPNST cell line xenograft model showed that nifedipine treatment significantly decreased local tumor growth. The reported data suggest that inhibitors of PP2A, including cantharidins, as well as calcium channel blockers like nifedipine, might be useful in MPNST treatment. A screen of this nature would benefit from the use of human isogenic cells of the correct cell lineage rather than fibroblasts. It is also possible that screening a larger number of drugs would yield additional drug candidates.

3.12. Synthetic Sensitivities Identified by Drug Screening in Nf1-Deficient Mouse Embryo Fibroblasts {#sec3dot12-genes-11-00477}
----------------------------------------------------------------------------------------------------

In another in vitro drug screening effort, seven NF1-associated human MPNST and one sporadic MPNST cell line were used in a medium throughput screen of 130 drugs predicted to be useful for NF1-associated cancer therapy based on an analysis of the literature \[[@B102-genes-11-00477]\]. These drugs were based on mechanistic knowledge of neurofibromin and merlin function, as *NF2*-mutant cells were screened also, as well as important cancer pathways and classic chemotherapies. Drugs were found that clearly differentiated *NF1* from *NF2* mutant cells. Raf, MEK, PI3K/mTOR and Pak inhibitors were active versus *NF1*-mutant MPNST cells, while EGFR, GSK3, and AKT inhibitors had almost no activity. These data are consistent with the concept of using combination therapy centered on targeting the RAS-MAPK pathway in NF1-associated tumor cells. Additional drugs can then be layered on to maximize tumor-specific killing by targeting additional parallel vulnerabilities. This concept should be tested in vivo in improved models for NF1-associated peripheral nerve sheath tumors.

4. Summary and Future Perspectives {#sec4-genes-11-00477}
==================================

It has become clear that improved model systems are needed both to better validate current ideas before clinical testing in patients and to discover new MPNST treatment approaches and vulnerabilities. Too many MPNST clinical approaches have stalled at Phase II because they did not meet primary response rate endpoints and/or the effects were modest. The field is in desperate need of a home run. MPNST lack obvious activated oncogene products to target. Therefore, we favor the concept of using carefully engineered isogenic human Schwann lineage cell lines, harboring MPNST-relevant mutations, to screen for mutation-specific drug sensitivities and synthetic lethal genetic interactions to discover new therapies. Human iPSC derived model systems are likely to be especially useful in this regard. New therapeutic drugs and combinations must be better vetted before clinical testing and we favor testing in multiple human MPSNT PDXs and looking for evidence of very profound and long-lasting tumor shrinkage. Because in NF1 we can consider measures to reduce the chance of malignant progression we encourage the development of genetically accurate models in which benign PN, premalignant atypical PN, and MPNST can be studied using human cells and GEMMs. Immunoproficient GEMMs may also play an important role in development of new immune based and oncolytic viral therapies. Many good candidate therapeutic targets for *NF1*, *CDKN2A* and PRC2-deficient MPNST have emerged in recent years. These drugs, perhaps in combination, may also be relevant in tumors that characterize other RASopathies or which show activation of RAS-MAPK signaling after NF1 gene loss in sporadic settings.
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![Synthetic lethality if the genetic incompatibility of the loss of two independent gene products results in cell death. Whereas a hypothetical cell can survive with *either* loss of *Gene A* or *Gene B*, it cannot live with loss of both simultaneously. A prime example of this being exploited therapeutically is in *BRCA1/2* mutated cancers and their sensitivity to PARI inhibitors such as olaprarib. Similarly, loss of *NF1* could render human Schwann cells sensitive to pharmacologic intervention with novel agents.](genes-11-00477-g001){#genes-11-00477-f001}

![Screening scheme utilizing *NF1-*deficeint immortalized or iPSC derived human Schwann cells. *NF1 −/−* cells (of either origin) and their isogenic match parental lines can be used in selective lethal pharmacologic screens or synthetic lethal genetic screens. Compounds found to only kill *NF1-*deficient cells could be then prioritized for further preclinical testing, using in vivo models of MPNST for example. Novel genetic targets identified from genome-wide synthetic lethal genetic screens could provide the basis for additional drug discovery efforts.](genes-11-00477-g002){#genes-11-00477-f002}
